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1st Editorial Decision 27th Aug 2018 

Thank you for submitting your manuscript to The EMBO Journal. I am sorry for the delay in getting 
back to you, but I have now received the two referee reports on the manuscript.  
 
As you can see from the comments below, both referees find the analysis interesting and that it 
provides important insight. However, they also raise major concerns with the analysis that would 
have to be resolved in order to consider publication here. Should you be able to address the major 
concerns raised then I would like to invite you to submit a revised manuscript. I should add that it is 
EMBO Journal policy to allow only a single major round of revision and that it is therefore 
important to address the raised concerns at this stage.  
 
------------------------------------------------  
 
REFEREE REPORTS: 
 
Referee #1:  
 
GGGGCC repeat expansion in the first intron of C9ORF72 is the most common genetic cause of 
both ALS and FTD. Recent breathtaking progress have greatly advanced our understanding of 
pathogenic mechanisms of C9ORF72-ALS/FTD. However, many important questions remain to be 
addressed. In this short and relatively descriptive study, the authors report several findings that may 
be interesting for the C9ORF72 field, some of them contribute to current debates on a couple of 
controversial issues. On the other hand, to further improve the manuscript, additional experiments 
seem to be warranted, and the writing in some areas needs attention.  
 
1. Instead of transfecting cells with individual DPR proteins, the authors expressed expanded G4C2 
repeats to investigate the synergy between partial loss of C9ORF72 protein and DPR proteins 
synthesized through their native translation initiation sites. This strategy allows several interesting 
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questions to be addressed. The authors first identified CUG as the translation start site for poly(GA), 
a finding that is consistent with several recent reports (Green et al., Nat. Commun. 2017; Cheng et 
al., Nat. Commun. 2018; Tabet et al., Nat. Commun. 2018). Although this result is not novel, the 
authors went on to show that poly(GA) synthesis is INDEPENDENT of G4C2 repeat length and that 
short poly(GA) with a small but not a big tag is efficiently degraded. These experiments should be 
presented in a main figure because they make an important point-that expanded repeats do not affect 
translation initiation per se but instead increase the size of the open reading frame, resulting in a 
larger, more stable DPR protein. Although not everyone in the field will agree with this point, the 
evidence presented here seems convincing. Thus, these findings will contribute to the current debate 
regarding the mechanisms of DPR protein synthesis in C9ORF72-ALS/FTD.  
 
2. The authors did not provide experimental evidence that, in human cells, the spliced intron or 
unspliced pre-mRNA serves as the template for DPR synthesis. Therefore, they should not predict 
the length of the C-terminus of poly(GA) and poly(GR) based on sequences of unspliced pre-
mRNA, as shown in Figures 1D and 1F, respectively. In fact, Cheng et al. (Nat. Commun. 2018) 
argued that the intron is likely translated into DPR proteins. In that case, the predicted C-terminus 
would be much shorter.  
 
3. The identification of the translation initiation site for poly(PG) on the antisense repeat RNA is 
novel. Since the start codon for poly(PG) synthesis is AUG, the phrase "repeat-associated non-AUG 
translation" is inappropriate, and should be deleted from the abstract because the study shows that 
poly(PG) synthesis is not mediated by "RAN translation". The authors conclude that very little 
poly(GP) is translated from the sense repeat RNA-a finding that contradicts several published 
studies in which use of ASOs to degrade sense repeat RNA significantly decreased poly(GP) level. 
Thus, the authors should confirm whether most poly(GP) is translated from the antisense repeat 
RNA in human C9ORF72 cells.  
 
4. The toxicity of DPR proteins have been well documented in multiple experimental systems. The 
idea that decreased C9ORF72 expression also plays role is not totally novel. In iPSC-derived human 
neurons, DPR proteins are produced and the C9ORF72 level is reduced. Shi et al. (Nat. Med. 2018) 
reported that ectopic expression of C9ORF72 rescues neuronal cell death in iPSC-derived patient 
motor neurons, demonstrating the importance of C9ORF72 haploinsufficiency. Moreover, lit has 
been well documented that loss of C9ORF72 compromises the autophagy pathway, which is 
essential for aggregate clearance. Thus, the finding that decreased C9ORF72 expression increases 
DPR aggregate formation and toxicity in cells that express expanded repeats is expected. The lack of 
significant conceptual novelty in this set of experiments (Figure 3) is a major weakness of the paper. 
In these experiments, the authors concluded that the toxicity was caused by poly(GA) or poly(GP). 
However, in principle, poly(GR), which is highly toxic even when expressed at a low level, should 
be also expressed from the GGGGCC repeats. Tabet et al. (Nat. Commun. 2018) reported that 
mutations in the near-cognate start codon CUG greatly decreased the levels of both poly(GA) and 
poly(GR). Therefore, the observed toxicity cannot be attributed to poly(GA) alone. The authors 
should determine whether mutating AGG to decrease poly(GR) expression rescues the cell death 
phenotype. Similarly, it is surprising that a low level of poly(GP) induced toxicity. The authors 
should also consider whether a low level of poly(PR), which is also highly toxic, is produced from 
their antisense repeat RNA.  
 
5. The authors tested different drugs to boost autophagy activity. It is useful to show that 
promethazine reduces DPR accumulation and toxicity when repeat plasmids are transiently 
overexpressed, since this is a clinically approved drug. However, it would be more convincing to 
show that this drug has therapeutic benefits in iPSC-derived patient neurons or in C9ORF72 BAC 
transgenic mice.  
 
6. Overall, the writing seems too repetitive. For instance, in several places in the Results section, 
conclusions are restated again: "to summarize this part, ....." In some other parts, almost identical 
paragraphs are used to describe a different construct.  
 
 
 
Referee #2:  
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Boivin et al manuscript contributes to the understanding of dipeptides-repeat proteins (DRP) 
production from C9ORF72 hexanucleotide repeat expansion causing ALS/FTD by profiling the 
relative abundance of the different DRPs and identifying upstream AUG and near-cognate codons 
driving protein synthesis in both sense (G4C2) and antisense (C4G2) frames. The study is very 
elegant by showing that levels of DRP produced from translation of the natural human C9ORF72 
are subtoxic and only impact on neuronal viability in vitro when combined with C9ORF72 
deficiency by knock-down. Decreased expression of C9ORF72 protein had been reported in 
ALS/FTD, but its relevance was not clear before the work presented here. The study by Boivin et al 
also links the synergistic effects of DPR and C9ORF72 loss-of-function to autophagy deficiency, 
being able to rescue DPR toxicity with autophagy inducers. The manuscript is excellent, very well 
written with a clear message. I recommend publication in EMBO J after the major points have been 
addressed.  
 
1- The authors must show that C9ORF72 knock-down actually leads to increased levels of DRP. 
Please provide analysis by Western-blot.  
2- The authors have to quantify DRP aggregation upon C9ORF72 knock-down. Ideally, 
quantification of GFP-positive aggregates is complemented with biochemical methods.  
3- What is the role of C9ORF72 in DRP degradation by autophagy. Does it play a specific role in 
DRP and repeat proteins clearance? Please provide evidence of the actual role of C9ORF72 in the 
autophagy pathway? 
 
 
1st Revision - authors' response 3rd Sep 2019 

REFEREE #1:  
 
GGGGCC repeat expansion in the first intron of C9ORF72 is the most common genetic 
cause of both ALS and FTD. Recent breathtaking progress have greatly advanced our 
understanding of pathogenic mechanisms of C9ORF72-ALS/FTD. However, many 
important questions remain to be addressed. In this short and relatively descriptive study, 
the authors report several findings that may be interesting for the C9ORF72 field, some of 
them contribute to current debates on a couple of controversial issues. On the other hand, 
to further improve the manuscript, additional experiments seem to be warranted, and the 
writing in some areas needs attention.  
 
1. Instead of transfecting cells with individual DPR proteins, the authors expressed 
expanded G4C2 repeats to investigate the synergy between partial loss of C9ORF72 
protein and DPR proteins synthesized through their native translation initiation sites. This 
strategy allows several interesting questions to be addressed. The authors first identified 
CUG as the translation start site for poly(GA), a finding that is consistent with several 
recent reports (Green et al., Nat. Commun. 2017; Cheng et al., Nat. Commun. 2018; Tabet 
et al., Nat. Commun. 2018). Although this result is not novel, the authors went on to show 
that poly(GA) synthesis is INDEPENDENT of G4C2 repeat length and that short poly(GA) 
with a small but not a big tag is efficiently degraded. These experiments should be 
presented in a main figure because they make an important point-that expanded repeats 
do not affect translation initiation per se but instead increase the size of the open reading 
frame, resulting in a larger, more stable DPR protein. Although not everyone in the field will 
agree with this point, the evidence presented here seems convincing. Thus, these findings 
will contribute to the current debate regarding the mechanisms of DPR protein synthesis in 
C9ORF72-ALS/FTD.  
As suggested by Reviewer #1, we moved the GFP (large) versus HA (small) tag-repeat 
experiments as main figures 1 and 2, and their relevance is now better discussed in the 
text. Overall, these data confirm that translation initiation occurs upstream of the repeat 
expansion in both normal and pathological conditions. However, we show in this revised 
draft that, in normal conditions, the resulting DPR proteins are small, unstable and 
undetectable, while in pathogenic conditions, G4C2 repeats expansion leads to longer 
proteins that are stable and prone to accumulate into toxic aggregates. 
 
2. The authors did not provide experimental evidence that, in human cells, the spliced 
intron or unspliced pre-mRNA serves as the template for DPR synthesis. Therefore, they 
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should not predict the length of the C-terminus of poly(GA) and poly(GR) based on 
sequences of unspliced pre-mRNA, as shown in Figures 1D and 1F, respectively. In fact, 
Cheng et al. (Nat. Commun. 2018) argued that the intron is likely translated into DPR 
proteins. In that case, the predicted C-terminus would be much shorter.  
Our scheme was indeed incorrect, potential skipping or retention of intron 2 are now 
presented in a novel figure 1F. 
 
3. The identification of the translation initiation site for poly(PG) on the antisense repeat 
RNA is novel. Since the start codon for poly(PG) synthesis is AUG, the phrase "repeat-
associated non-AUG translation" is inappropriate, and should be deleted from the abstract 
because the study shows that poly(PG) synthesis is not mediated by "RAN translation". 
The authors conclude that very little poly(GP) is translated from the sense repeat RNA-a 
finding that contradicts several published studies in which use of ASOs to degrade sense 
repeat RNA significantly decreased poly(GP) level. Thus, the authors should confirm 
whether most poly(GP) is translated from the antisense repeat RNA in human C9ORF72 
cells.  
We would like to thank the reviewer for this helpful comment. The abstract and the text 
were indeed inconsistent with our data and this is now corrected.  
Concerning expression of the polyPG DPR encoded by the G4C2 sense repeat expansion, 
a recent study (Tabet et al., 2018) reports a frameshifting from the GA frame (initiated from 
the upstream CTG near cognate codon) to the GP frame, explaining some expression of 
polyGP. However, despite many attempts we detect only trace amount of this protein by 
immunoblot against a tag (HA or GFP) fused in the GP frame, or using commercial 
antibodies against GP dipeptides. This is most likely due to the lower sensitivity of our 
assay (immunoblotting) compared to the more sensitive in vitro translation assays used in 
the Tabet work. In that aspect, note that using a sensitive nanoluciferase assay, the group 
of Peter Todd was able to detect some polyGP expression, however at 10 to 20 folds 
lesser levels than the polyGA expressed from the CUG near cognate codon, suggesting 
indeed a weak frameshifting from the GA to the GP frame, or alternatively some weak RAN 
translation initiating within the G4C2 repeats (Green et al., 2017). Note that both studies 
(Green et al., 2017; Tabet et al., 2018) do not investigate the antisense C9ORF72 
transcript and thus do not compare polyGP (sense) to polyPG (antisense) levels. In 
contrast, our work indicates that the polyPG DPR protein expressed from the antisense 
C4G2 repeats is easily observed, while we detect only trace amount of polyGP DPR 
translated from the sense repeats. These results as well as the Tabet and Green studies 
are now cited and discussed in the text.  
 
4. The toxicity of DPR proteins have been well documented in multiple experimental 
systems. The idea that decreased C9ORF72 expression also plays role is not totally novel. 
In iPSC-derived human neurons, DPR proteins are produced and the C9ORF72 level is 
reduced. Shi et al. (Nat. Med. 2018) reported that ectopic expression of C9ORF72 rescues 
neuronal cell death in iPSC-derived patient motor neurons, demonstrating the importance 
of C9ORF72 haploinsufficiency. Moreover, lit has been well documented that loss of 
C9ORF72 compromises the autophagy pathway, which is essential for aggregate 
clearance. Thus, the finding that decreased C9ORF72 expression increases DPR 
aggregate formation and toxicity in cells that express expanded repeats is expected. The 
lack of significant conceptual novelty in this set of experiments (Figure 3) is a major 
weakness of the paper. In these experiments, the authors concluded that the toxicity was 
caused by poly(GA) or poly(GP). However, in principle, poly(GR), which is highly toxic even 
when expressed at a low level, should be also expressed from the GGGGCC repeats. 
Tabet et al. (Nat. Commun. 2018) reported that mutations in the near-cognate start codon 
CUG greatly decreased the levels of both poly(GA) and poly(GR). Therefore, the observed 
toxicity cannot be attributed to poly(GA) alone. The authors should determine whether 
mutating AGG to decrease poly(GR) expression rescues the cell death phenotype. 
Similarly, it is surprising that a low level of poly(GP) induced toxicity. The authors should 
also consider whether a low level of poly(PR), which is also highly toxic, is produced from 
their antisense repeat RNA.  
We agree with Referee #1 that our results could have been somehow “expected”. Indeed, 
as DPR proteins are forming aggregates, they were likely to be degraded by autophagy, 
and as C9ORF72 regulates this mechanism, a synergy of toxicity between DPR expression 
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and C9ORF72 loss of expression is not an entire surprise. However, this was not 
demonstrated formally, yet, and we believe that our work has some relevance and is worth 
to be reported as it reveals for the very first time the mechanisms of DPR proteins 
translation and their toxicity in ALS through a two-hit mechanism. Concerning the polyPR 
protein, we detect only trace amount of this DPR. However, concerning the polyGR protein, 
we have added new data in Figure 3 demonstrating that expressed under its natural AGG 
near-cognate initiation codon, its expression and toxicity are rather low, but increases upon 
siRNA-mediated silencing of the C9ORF72 protein. As a control, expression of polyGR 
under an artificial ATG start codon is highly toxic, as reported in recent studies (Choi et al., 
2019; Lopez-Gonzales et al., 2019, Zhang et al., 2018). As a further control, deletion of the 
polYGR AGG near-cognate start codon abolishes neuronal cell death. These novel results 
highlight the importance of G4C2 translation into polyGR as potentially the main toxic event 
in ALS.   
 
5. The authors tested different drugs to boost autophagy activity. It is useful to show that 
promethazine reduces DPR accumulation and toxicity when repeat plasmids are transiently 
overexpressed, since this is a clinically approved drug. However, it would be more 
convincing to show that this drug has therapeutic benefits in iPSC-derived patient neurons 
or in C9ORF72 BAC transgenic mice.  
We agree that finding a drug that correct pathogenicity in iPS patient cells or animal 
models of ALS would be a true achievement and a breakthrough for the field. However, as 
we do not have these state-of-the-art cell and animal models in our lab, we feel that 
establishing these models and performing rescue experiments would be much too long, too 
expensive and too complex for the present work.   
 
6. Overall, the writing seems too repetitive. For instance, in several places in the Results 
section, conclusions are restated again: "to summarize this part, ....." In some other parts, 
almost identical paragraphs are used to describe a different construct.  
Indeed, writing and figure presentation of our draft required some improvement. 
 
 
 
 
REFEREE #2:  
 
Boivin et al manuscript contributes to the understanding of dipeptides-repeat proteins 
(DRP) production from C9ORF72 hexanucleotide repeat expansion causing ALS/FTD by 
profiling the relative abundance of the different DRPs and identifying upstream AUG and 
near-cognate codons driving protein synthesis in both sense (G4C2) and antisense (C4G2) 
frames. The study is very elegant by showing that levels of DRP produced from translation 
of the natural human C9ORF72 are subtoxic and only impact on neuronal viability in vitro 
when combined with C9ORF72 deficiency by knock-down. Decreased expression of 
C9ORF72 protein had been reported in ALS/FTD, but its relevance was not clear before 
the work presented here. The study by Boivin et al also links the synergistic effects of DPR 
and C9ORF72 loss-of-function to autophagy deficiency, being able to rescue DPR toxicity 
with autophagy inducers. The manuscript is excellent, very well written with a clear 
message. I recommend publication in EMBO J after the major points have been 
addressed.  
 
1 - The authors must show that C9ORF72 knock-down actually leads to increased levels of 
DRP. Please provide analysis by Western-blot.  
This important control was indeed missing from our previous draft. Immunoblots showing 
increase levels of polyGA, polyPG and polyGR DPR proteins upon siRNA-mediated 
silencing of C9ORF72 expression are now presented as figures 3B, 3C and 3D. As positive 
controls, inhibition of the autophagy pathway by overnight treatment with Bafilomycin A1 
also enhances DPR expression. 
 
2- The authors have to quantify DRP aggregation upon C9ORF72 knock-down. Ideally, 
quantification of GFP-positive aggregates is complemented with biochemical methods.  
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As suggested by Referee #2, we investigated the formation of DPR aggregates in control 
versus C9ORF72-reduced conditions. Upon C9ORF72 knockdown, brighter and more 
polyGA or polyPG aggregates were observed, which is rather expected as expression of 
these DPR proteins increases (immunoblots presented in the novel figure 3). However and 
to our surprise, we also observed that the P62 (SQSTM1) autophagic adaptor protein, 
normally surrounding aggregates to initiate their degradation by autophagy, is less 
recruited to the polyGA inclusions upon C9ORF72 knockdown. As a control, ubiquitin is 
present at DPR aggregates in both conditions, suggesting that ubiquitinylation of the 
proteins to degrade occurs normally. Identical observations were made for the polyPG 
aggregates. These results suggest that C9ORF72 plays a role in the initiation of autophagy 
at the step of aggregate recognition and/ or autophagosome formation. These novel data 
are presented in supplemental figure 3. 
 
3- What is the role of C9ORF72 in DRP degradation by autophagy. Does it play a specific 
role in DRP and repeat proteins clearance? Please provide evidence of the actual role of 
C9ORF72 in the autophagy pathway?  
As suggested by Referee #2, we investigated the autophagy of DPR proteins and observed  
a lesser recruitment of P62 to polyGA and polyPG aggregates upon C9ORF72 knockdown 
(cf. comment #2 above). Furthermore, we  also investigated the autophagosome-lysosome 
traffic and observed that siRNA-mediated depletion of C9ORF72 leads to an increase 
lysosomal labeling (tested with LAMP1, LAMP2 and M6PR immunofluorescence, shown in 
the novel supplementary figure 3). These data are similar to various independent results 
reported recently (Sullivan et al., 2016; Amick et al., 2016; Corrionero et al., 2018, Lan et 
al., 2019), that all indicate an important role of C9ORF72 at lysosomes. Overall, our data 
suggest a complex function of C9ORF72 in the regulation of autophagy both at an early 
step (aggregate recognition?) and at late step (autophagosome-lysosome fusion?). Note 
that a similar complex regulatory function at early and late autophagic steps has been 
recently reported for SMCR8, the protein partner of C9ORF72 (Jung et al., 2017).  
 
Overall, we would like to thank both Referees for their very helpful comments and 
suggestions. 
 
 
2nd Editorial Decision 10th Oct 2019 

While referee #2 is happy with the revised version, referee #1 still raises some issues with the 
manuscript. I have looked carefully at the raised issues and have also discussed them further with 
referee # 2. I appreciate the issues raised by referee #1, however I also note that some of them were 
not raised during initial round of review and that some are beyond the scope of this study.  
 
I would like you to respond to the comments 1, 8 and 12. Should be easy to sort out  
 
Regarding the requested controls in comments 4, 6: do you have any data on hand to address these 
comments. I don't think they are essential but also good suggestions. Would you get back to me to 
discuss this issue  
 
We don't need any more data to address the remaining points, please respond to them in the point-
by-point response.  
 
------------------------------------------------  
 
REFEREE REPORTS: 
 
Referee #1:  
 
GGGGCC repeat expansion in the first intron of C9ORF72 is the most common genetic cause of 
both ALS and FTD. Expanded G4C2 repeats can be translated, from both sense and antisense 
directions, into dipeptide repeat (DPR) proteins that accumulate in brain cells of C9ORF72 patients 
and are thought to contribute to disease pathogenesis. However, how DPR proteins are synthesized 
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in patient cells remains largely unknown. In this study, the authors use reporter constructs to identify 
start codons for poly(GA), poly(GR), and poly(GP) production. While it has been reported by others 
in 2018 that CUG serves as the start codon for poly(GA) production, the identification of other start 
codons for poly(GR) and poly(GP) in these reporter constructs, if confirmed with additional control 
experiments, would be new. Then the authors demonstrate that reduced expression of the C9ORF72 
protein itself results in the accumulation of DPR proteins in transfected cells, consistent with several 
recent papers reporting that C9ORF72 is involved in the autophagy pathway. Moreover, this result 
confirms what Shi et al. (Nat. Med. 2018) reported in their Fig. 5 that "C9ORF72 levels determine 
dipeptide repeat turnover". As one would expect, pharmacological activation of autophagy decreases 
the levels of DPR proteins, which correlates with increased cell survival.  
 
1. In Figure 1, it would be helpful if the authors could please include a cartoon describing their 
reporter constructs in more detail. For instance, on Page 6, they state that "we cloned 80 G4C2 
repeats embedded within the natural human C9ORF72 sequence". However, it is unclear exactly 
what this C9ORF72 sequence is. One has to check the Methods section to find out. Each construct 
should be sequenced, and the actual nucleotide sequence between the promotor and the G4C2 
repeats should be provided in a supplementary file.  
 
2. One limitation of the current study is that the authors expressed G4C2 repeats in the context of a 
5' capped, polyA+ mRNA. Three papers published last year in Nature Communications performed 
many molecular experiments that are much more sophisticated than the experiments reported here to 
investigate whether repeats RNA translation is cap-dependent or not, and whether the template for 
translation is spliced intron or unspliced pre-mRNA. These important issues remain controversial. 
At least in the case of poly(GA), the current study is somewhat rudimentary and does not provide 
novel mechanistic insight beyond what have been published.  
 
3. Another limitation of the current study is the cell type used. Laura Ranum already reported 
several years ago that the efficiency of repeats-associated translation in different frames depends on 
cell type. The authors here use HEK 293 cells but not postmitotic neurons. Thus, whether some 
conclusions are relevant to human disease or not is unclear.  
 
4. On Page 6, the authors state that repeats "are predominantly translated into the GA frame and with 
a much lower efficiency in the GR frame". However, two critical control experiments are missing. 
The authors should quantify the relative abundance of G4C2 repeats-containing GFP mRNAs. 
Without this piece of information, one cannot compare relative translation efficiency of different 
constructs. Similarly, in all other experiments where the authors intend to compare relative 
translation efficiency, the mRNA levels of different constructs should be measured. For instance, in 
Figure 1D, different copies of G4C2 repeats may affect mRNA stability as well, but the authors only 
speculate the difference in protein levels is solely due to GA protein stability.  
 
5. Moreover, what Figure 1A shows is the relative steady-state levels of poly(GA)-, poly(GP)-, or 
poly(GR)-containing GFP proteins, which is determined by both production and degradation. 
Without knowing the half-life of GA-GFP, GP-GFP and GR-GFP proteins, one cannot claim the 
relative translation efficiency of different frames only based on results in Figure 1A.  
 
6. It is important that the relative abundance of GFP mRNAs in Figure 1E should be presented and 
western blot must be done using cells from the same transfection experiment.  
 
7. Tabet et al. (Nat. Commun. 2018) reported that poly(GR) production also depends on the CUG 
codon, which is not in-frame with poly(GR). Thus, they proposed that ribosome frameshifting 
occurs near the first GGGGCC repeat. The result in Figure 1E could be interpreted as being 
consistent with the frameshifting hypothesis, since AGG>CGG mutation could potentially affect 
frameshifting. It is curious that the authors did not do mass-spec experiment to identify the first 
amino acid of the GR-GFP protein as they did for GA-GFP. This important experiment should be 
done. Secondly, the authors should mutate CUG in their GR-GFP construct and see what happens. 
This could be a very informative experiment too. Without these additional control experiments 
(including the one suggested in point #6), the conclusion that AGG is the start codon for poly(GR) is 
not quite convincing yet.  
 
8. In Figure 1F, the carton is misleading because V2 mRNA does not contain repeats.  
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9. The identification of AUG as the start codon for poly(GP) translation from the antisense repeat 
RNA, if confirmed in patient cells, would be novel. First, similar control experiments as described 
above need to be done. Second, we do not know, in patient cells, how antisense repeat RNA is 
transcribed (where is the promoter) and whether it has a polyA tail or not. If the authors could 
provide these molecular information, that would be a useful contribution to the field. Otherwise, 
Figure 2 seems to be too rudimentary for such a high-profile molecular biology journal. Here the 
authors made an artificial construct to place the AUG-containing sequence and C4G2 repeats in the 
context of a polyA+ mRNA. Then it is totally expected that AUG in this construct can serve as a 
start codon. The authors should also use CRISPR to delete this AUG codon in C9ORF72 patient 
cells (lymphoblast cell lines, fibroblast cell lines, or iPSC lines) to investigate whether indeed it 
serves as the start codon for poly(PG).  
 
10. Figure 3 also seems to be rudimentary, especially considering that Shi et al. (Nat. Med. 2018) 
already reported that C9orf72 regulates DPR protein turnover. The use of GT1-3 cell line but not 
mammalian primary neurons is also a concern.  
 
11. In Figure 4, it is simply a correlation between decreased DPR proteins and increased cell 
survival after autophagy activation by drugs. The accumulation of other misfolded proteins and 
damaged organelles caused by C9orf72 KD should be decreased as well. Without additional 
experimental evidence, one could argue that the drugs simply rescued the detrimental effects of 
C9orf72 KD on autophagy in addition to DPR proteins.  
 
12. The whole manuscript needs to be carefully edited. For instance, some wrong references are 
cited, especially in the Introduction section. Throughout the text, some statements are inaccurate, for 
instance, on Page 10, "...fluphenazine, decreases expression of poly(GA) and poly(PG)....." but these 
compounds should only affect the accumulation of DPR proteins.  
 
 
Referee #2:  
 
The authors addressed all points raised and improved their manuscript. This study is a substantial 
contribution to understand the role of C9 hexanucleotide expansion in the pathology of ALS/FTD. 
Publication is recommended after minor points are corrected.  
 
Minor points:  
 
1- In page 5, 'In conclusion, these results provide a molecular mechanism for the RAN translation of 
G4C2 sense and C4G2 antisense repeats, and support a double hit mechanism in ALS/FTD, where 
the reduce expression of C9ORF72 synergizes the accumulation and toxicity of DPR proteins.' The 
authors should rephrase the conclusion by saying that they found an alternative molecular 
mechanism to RAN translation that explains sense and antisense production of specific DPR.  
2- In page 9, 'and suggest a complex function of C9ORF72 both at early (protein aggregates 
recognition?) and late steps (lysosomal fusion?) of the autophagic process.' Sounds too speculative 
and should say only 'and suggest a complex function of C9ORF72 both at early and late steps of the 
autophagic process. 
 
 
2nd Revision - authors' response 28th Nov 2019 

REFEREE #1 
 
(Report for Author) 
GGGGCC repeat expansion in the first intron of C9ORF72 is the most common genetic 
cause of both ALS and FTD. Expanded G4C2 repeats can be translated, from both sense 
and antisense directions, into dipeptide repeat (DPR) proteins that accumulate in brain 
cells of C9ORF72 patients and are thought to contribute to disease pathogenesis. 
However, how DPR proteins are synthesized in patient cells remains largely unknown. In 
this study, the authors use reporter constructs to identify start codons for poly(GA), 
poly(GR), and poly(GP) production. While it has been reported by others in 2018 that CUG 
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serves as the start codon for poly(GA) production, the identification of other start codons 
for poly(GR) and poly(GP) in these reporter constructs, if confirmed with additional control 
experiments, would be new. Then the authors demonstrate that reduced expression of the 
C9ORF72 protein itself results in the accumulation of DPR proteins in transfected cells, 
consistent with several recent papers reporting that C9ORF72 is involved in the autophagy 
pathway. Moreover, this result confirms what Shi et al. (Nat. Med. 2018) reported in their 
Fig. 5 that "C9ORF72 levels determine dipeptide repeat turnover". As one would expect, 
pharmacological activation of autophagy decreases the levels of DPR proteins, which 
correlates with increased cell survival. 
 
1. In Figure 1, it would be helpful if the authors could please include a cartoon describing 
their reporter constructs in more detail. For instance, on Page 6, they state that "we cloned 
80 G4C2 repeats embedded within the natural human C9ORF72 sequence". However, it is 
unclear exactly what this C9ORF72 sequence is. One has to check the Methods section to 
find out. Each construct should be sequenced, and the actual nucleotide sequence 
between the promotor and the G4C2 repeats should be provided in a supplementary file. 
Sequence and scheme of the G4C2 repeats cloned into pcDNA3 is now presented as 
supplementary figure 1A. 
 
2. One limitation of the current study is that the authors expressed G4C2 repeats in the 
context of a 5' capped, polyA+ mRNA. Three papers published last year in Nature 
Communications performed many molecular experiments that are much more 
sophisticated than the experiments reported here to investigate whether repeats RNA 
translation is cap-dependent or not, and whether the template for translation is spliced 
intron or unspliced pre-mRNA. These important issues remain controversial. At least in the 
case of poly(GA), the current study is somewhat rudimentary and does not provide novel 
mechanistic insight beyond what have been published.  
Indeed, three recent and independent studies found that the polyGA DPR protein is 
produced through translation initiation at a CUG near-cognate codon located upstream of 
the G4C2 repeats (Green et al., 2017; Tabet et al., 2018; Sonobe et al., 2018). 
Furthermore, deletion of the genomic sequence containing this CUG codon abolishes 
polyGA expression in neurons differentiated from C9-iPS cells (Almeida et al., 2019). Our 
work fully confirms these studies, but also uncovers the mechanism of translation initiation 
for other DPR proteins (polyGR and polyPG), as well as a novel mechanism of toxicity 
where C9ORF72 reduced expression synergizes DPR toxicity. Thus, while our data on 
polyGA translation initiation are not novel, results about polyGR and polyPG expression 
and our proposed double hit mechanism are novel finding that we believe are worth 
reporting. Green and Tabet studies were previously cited in the manuscript, and we have 
now added references for Sonobe et Almeida work. 
 
3. Another limitation of the current study is the cell type used. Laura Ranum already 
reported several years ago that the efficiency of repeats-associated translation in different 
frames depends on cell type. The authors here use HEK293 cells but not post mitotic 
neurons. Thus, whether some conclusions are relevant to human disease or not is unclear. 
We performed additional transfections into neuronal N2A mouse cells and observed 
identical results, suggesting that data obtained in HEK293 cells are valid. However, we do 
agree that a definitive confirmation of these results would require CRISPR/Cas9 deletion of 
the genomic sequences initiating the translation of the polyGR and polyPG proteins in C9-
iPS cells. However, genome editing in iPS cells would be much too long, too expensive 
and too complex for the present work.  
 
4. On Page 6, the authors state that repeats "are predominantly translated into the GA 
frame and with a much lower efficiency in the GR frame". However, two critical control 
experiments are missing. The authors should quantify the relative abundance of G4C2 
repeats-containing GFP mRNAs. Without this piece of information, one cannot compare 
relative translation efficiency of different constructs. Similarly, in all other experiments 
where the authors intend to compare relative translation efficiency, the mRNA levels of 
different constructs should be measured. For instance, in Figure 1D, different copies of 
G4C2 repeats may affect mRNA stability as well, but the authors only speculate the 
difference in protein levels is solely due to GA protein stability. 
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We added RT-qPCR quantification data showing that polyGA, polyGP and polyGR 
constructs are expressed at similar RNA levels (novel supplementary figure 1C). Thus, 
absence of polyGP protein is not caused by reduced RNA expression and/or a bias in RNA 
stability.  
 
 
5. Moreover, what Figure 1A shows is the relative steady-state levels of poly(GA)-, 
poly(GP)- or poly(GR)-containing GFP proteins, which is determined by both production 
and degradation. Without knowing the half-life of GA-GFP, GP-GFP and GR-GFP proteins, 
one cannot claim the relative translation efficiency of different frames only based on results 
in Figure 1A. 
Transfection of GFP-tagged constructs with polyGA, polyGP and polyGR cloned 
downstream of artificial ATG start codons show similar levels of protein expression in 
fluorescence and immunoblot. These controls, presented in supplementary figures 1D and 
1E, suggest that the absence of detection of the polyGP protein expressed under its native 
C9ORF72 sequence is not caused by a bias of protein stability. 
 
6. It is important that the relative abundance of GFP mRNAs in Figure 1E should be 
presented and western blot must be done using cells from the same transfection 
experiment. 
As for polyGA vs polyGP and polyGR expression, RT-qPCR quantification shows that 
mutation of either the CTG or the AGG near-cognate codon does not affect RNA 
expression. These controls are presented as supplementary figures 1H and 1J. 
 
7. Tabet et al. (Nat. Commun. 2018) reported that poly(GR) production also depends on 
the CUG codon, which is not in-frame with poly(GR). Thus, they proposed that ribosome 
frameshifting occurs near the first GGGGCC repeat. The result in Figure 1E could be 
interpreted as being consistent with the frameshifting hypothesis, since AGG>CGG 
mutation could potentially affect frameshifting. It is curious that the authors did not do 
mass-spec experiment to identify the first amino acid of the GR-GFP protein as they did for 
GA-GFP. This important experiment should be done. Secondly, the authors should mutate 
CUG in their GR-GFP construct and see what happens. This could be a very informative 
experiment too. Without these additional control experiments (including the one suggested 
in point #6), the conclusion that AGG is the start codon for poly(GR) is not quite convincing 
yet. 
We failed to identify by mass spectrometry the N-terminal part of the polyGR protein. This 
might be due to its very short N-terminus as its potential methionine is right adjacent to the 
GR repeats.  
We believe that expression of the polyGR protein is independent of the CTG codon as we 
tested G4C2 constructs deleted of the C9ORF72 sequence preceding the AGG codon, and 
these plasmids still express the polyGR protein. Furthermore, a recent work (Almeida et al., 
2019) demonstrates that deletion of the genomic C9ORF72 sequence containing the CUG 
near-cognate codon abolishes polyGA expression, but not polyGR expression, in neurons 
differentiated from C9-iPS cells with a thousand G4C2 repeats. Hence, polyGR might not 
originate from a CUG-initiated frameshifting event, but is more likely produced through 
RAN translation initiating within the G4C2 repeats and/or from classical translation initiation 
to an upstream near-cognate codon located in the GR frame, as suggested by the present 
work. 
 
8. In Figure 1F, the carton is misleading because V2 mRNA does not contain repeats. 
This scheme is now corrected. 
 
9. The identification of AUG as the start codon for poly(GP) translation from the antisense 
repeat RNA, if confirmed in patient cells, would be novel. First, similar control experiments 
as described above need to be done. Second, we do not know, in patient cells, how 
antisense repeat RNA is transcribed (where is the promoter) and whether it has a polyA tail 
or not. If the authors could provide these molecular informations, that would be a useful 
contribution to the field. Otherwise, Figure 2 seems to be too rudimentary for such a high-
profile molecular biology journal. Here the authors made an artificial construct to place the 
AUG-containing sequence and C4G2 repeats in the context of a polyA+ mRNA. Then it is 
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totally expected that AUG in this construct can serve as a start codon. The authors should 
also use CRISPR to delete this AUG codon in C9ORF72 patient cells (lymphoblast cell 
lines, fibroblast cell lines, or iPSC lines) to investigate whether indeed it serves as the start 
codon for poly(PG). 
Indeed, CRISPR/Cas9 editing of the C9ORF72 genomic sequence initiating polyPG 
translation will be required to prove its importance. However, such experiments are much 
too long, too expensive and too complex for the present work.  
 
10. Figure 3 also seems to be rudimentary, especially considering that Shi et al. (Nat. Med. 
2018) already reported that C9orf72 regulates DPR protein turnover. The use of GT1-7 cell 
line but not mammalian primary neurons is also a concern. 
The work of Shi and collaborator uses DPR proteins expressed under artificial ATG start 
codons, resulting in higher expression and consequently higher toxicity. The present study 
uses DPR proteins expressed under their native initiating sequences, resulting in lower 
expression and toxicity, which we believe is important to report, especially for the polyGR 
protein. 
 
11. In Figure 4, it is simply a correlation between decreased DPR proteins and increased 
cell survival after autophagy activation by drugs. The accumulation of other misfolded 
proteins and damaged organelles caused by C9orf72 KD should be decreased as well. 
Without additional experimental evidence, one could argue that the drugs simply rescued 
the detrimental effects of C9orf72 KD on autophagy in addition to DPR proteins. 
Indeed, our data do not demonstrate a drug specificity to C9ORF72 haploinsufficiency 
and/or DPR accumulation. On the contrary, drug boosting autophagy could be of 
therapeutic interest in various diseases caused by accumulation of proteins prone to 
aggregation and thus resistant to proteasome clearance. This is now adequately 
discussed. 
 
12. The whole manuscript needs to be carefully edited. For instance, some wrong 
references are cited, especially in the Introduction section. Throughout the text, some 
statements are inaccurate, for instance, on Page 10, "...fluphenazine, decreases 
expression of poly(GA) and poly(PG)....." but these compounds should only affect the 
accumulation of DPR proteins. 
This is now corrected, and we would like to thank the Referee for his/her comments. 
 
 
REFEREE #2 
 
(Report for Author) 
The authors addressed all points raised and improved their manuscript. This study is a 
substantial contribution to understand the role of C9 hexanucleotide expansion in the 
pathology of ALS/FTD. Publication is recommended after minor points are corrected. 
 
Minor points: 
 
1- In page 5, 'In conclusion, these results provide a molecular mechanism for the RAN 
translation of G4C2 sense and C4G2 antisense repeats, and support a double hit 
mechanism in ALS/FTD, where the reduce expression of C9ORF72 synergizes the 
accumulation and toxicity of DPR proteins.' The authors should rephrase the conclusion by 
saying that they found an alternative molecular mechanism to RAN translation that explains 
sense and antisense production of specific DPR. 
 
2- In page 9, 'and suggest a complex function of C9ORF72 both at early (protein 
aggregates recognition?) and late steps (lysosomal fusion?) of the autophagic process.' 
Sounds too speculative and should say only 'and suggest a complex function of C9ORF72 
both at early and late steps of the autophagic process.' 
 
Thanks to Referee comments, these two points are now corrected. 
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3rd Editorial Decision 3rd Dec 2019 

Thank you for submitting your revised manuscript to The EMBO Journal. I have taken a careful 
look at everything and all looks OK.  
 
I am therefore very pleased to accept the manuscript for publication in The EMBO Journal. 
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